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dehydrogenases. The same effects obtained when e N A D + is bound to binary complexes confirm the transfer of the coenzyme to a more hydrophobic environment, but also indicate that the coenzyme is bound to ODH in an open conformation, as found in other dehydrogenases.
The high degree of conformational rigidity of bound coenzyme were deduced on the one hand from the negligible temperature coefficient of the ellipticity band of ODH (Luisi et al., 1977) and, on the other hand, from the study of fluorescence-anisotropy decay of bound NADH (Brochon et al.,
1977).
A peculiar feature of ODH-coenzyme complexes is the temperature-independence of the dissociation constants (Luisi et al., 1975) over a temperature range in which the binding of the coenzyme to some other dehydrogenases changes by one order of magnitude. This appears to be due to a biologically relevant structure-function relationship of the enzyme active site (Luisi et al., 1977) .
To study essential amino acid residues we have used principally the method of chemical modification.
ODH contains three accessible -SH groups, only one of which is essential for activity, and it seems to be situated near the adenine-binding site (Olomucki et al., 1972 (Olomucki et al., , 1975 .
Our attention was principally attracted by the imidazole group, which could play a crucial role in the oxidoreduction process. A histidine residue has been found in the catalytic centre of many dehydrogenases; this was confirmed by crystallographic data (Rossmann et al., 1977) .
By using initially diethyl pyrocarbonate as a histidine reagent (Huc et al.. 1971). and, in later experiments, dye-sensitized photo-oxidation (Thom6Beau et al., 1973), it has been shown that two histidine residues are accessible to chemical modification, but only one of them seems to be essential for activity.
We have made preliminary attempts to modify covalently the essential histidine residue in order to isolate the peptide containing this residue. For this purpose Dr. D. B. Pho in our laboratory has used bromopyruvate (Berghauser et al., 1971) as an affinity-labelling reagent. Bromopyruvate itself is a poor substrate and is an active-site-directed inhibitor that seems to modify only histidine residue(s).
The possibility of the existence of a charge relay system involving histidine and dicarboxylic amino acid residues in the active site of some dehydrogenases led us to examine whether a carboxy group was essential for ODH activity.
We used a water-soluble carbodi-imide for the modification of these groups (Huc et al., 1975) . The results of this treatment allowed us to conclude that the inhibition of ODH is accompanied by the modification of one carboxy group, which is situated near the substrate-binding site.
We have recently prepared very promising crystals of ODH (Fig. 1.) and hope to perform a crystallographic study in order to characterize the catalytic centre and to confirm structural analogies of the coenzyme-binding domain between ODH and other dehydrogenases. 
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Olomucki, A., Thome-Beau, particular route followed is dependent on the structure of the parent molecule (Tipton et al., 1977) . The family of NADPHThe capacity to metabolize carbonyl-containing compounds is dependent aldehyde reductases (alcohol : NADP+ oxidowidespread among the animal, plant and microbial kingdoms. reductase, EC 1.1.1.2) primarily fulfil this reductive role. The This ability may be a general reflection of the need to remove classification of aldehyde reductases has proved complex, partly BIOCHEMICAL SOCIETY TRANSACTIONS because of their wide substrate specificity. Indeed, they may play distinct functions in different tissues. In most tissues at least two isoenzymic forms have been isolated when activity has been assessed with the model substrate p-nitrobenzaldehyde. One isoenzyme predominates in all mammalian tissues examined and has been most extensively studied from a kinetic and structural viewpoint.
The major ('high-K,? form of mammalian aldehyde reductases
Most mammalian aldehyde reductase activity is located in liver and kidney, and enzyme has been purified to apparent homogeneity from these sources ( (Turner & Hryszko, 1980; Whittle & Turner, 1980) . However, inhibition of nucleotide-requiring enzymes is relatively common among this group of compounds. The 'high-K,' aldehyde reductase is also inhibited competitively by chlorotriazinyl dyes such as Cibacron Blue 3GA and Procion Red HE3B (Turner & Hryszko, 1980) . This interaction has been exploited in the purification of the enzyme and has led to speculation that the reductase may possess a nucleotide-binding domain structurally related to the dinucleotide fold present in a number of oligomeric dehydrogenases (Turner & Hryszko, 1980).
The reduction of a variety of aromatic aldehydes is catalysed by the reductase, including those derived by deamination of catecholamines and indoleamines. In addition, medium-and long-chain aliphatic aldehydes, uncyclized aldoses, Dglucuronate and some ketones are reduced. The observation that the ketone-containing cancer chemotherapeutic agents daunorubicin and adriamycin are reduced by a barbiturate-sensitive reductase has led to speculation that this enzyme may play a role in detoxication mechanisms, forming one of a class of cytosolic carbonyl reductases in liver (Bachur, 1976; Turner & Hick, 1976) . In non-primates the reductase also performs a function in ascorbate biosynthesis by reduction of D-glucuronate to gulonate. The ability to reduce mevaldate to mevalonate has also been ascribed to this reductase (Beedle et al., 1974) . Liver also contains a battery of ketone reductases that are insensitive to inhibition by barbiturates (Sawada & Hara, 1979; Ahmed et al., 1979) . These enzymes probably participate in drug detoxication mechanisms.
There appears to be no consensus as to the kinetic mechanism followed by aldehyde reductases. The pig kidney and human liver enzymes obey a sequential reaction mechanism in which coenzyme binds before aldehyde (Davidson & Flynn, 1979; Wermuth & von Wartburg, 1980) . However, the bovine brain' reductase was reported to follow a random mechanism, based on the mode of inhibition by chlorpromazine (Bronaugh & Erwin, 1972) . Glycerol dehydrogenase from skeletal muscle has, surprisingly, been reported to obey a Ping Pong mechanism (Toews, 1967) .
The low-K,,, 'valproate-insensitive' aldehyde reductase
The multiplicity of aldehyde reductases has been examined in most detail in brain and liver. Here we will principally concentrate on the isoenzymes present in brain tissue. In pig and rat brain, only two isoenzymes have been separated and characterized (Turner & Tipton, 1972; Whittle & Turner, 1981) , although additional forms have been reported to occur in human brain (Ris ik von Wartburg, 1973) . In addition to the major, high-K, reductase, pig and rat brain contain a reductase that exhibits a relatively low K, (< 20pM) towards pnitrobenzaldehyde. This isoenzyme is also a monomeric oxidoreductase with a molecular weight similar to that of the high-K, reductase. The two enzymes are immunologically distinct, although they may be distantly related. We have taken advantage of the differential sensitivity of the two isoenzymes to sodium valproate ( Table 1) to examine their respective subcellular locations and physiological functions. The isoenzymes can most conveniently be resolved from one another by chromatography on DEAEcellulose. The low-K,,, reductase ('valproate-insensitive') can also reduce a range of aliphatic and aromatic aldehydes. Although the rat brain enzyme can reduce a number of aldoses, it does not reduce D-glucuronate. This provides a convenient means for assaying exclusively the high& valproate-sensitive reductase. The low-K, reductase may be identical with, or closely related to, the family of aldose reductases (alditol : NADP+ oxidoreductase, EC 1.1.1.21). The increased activity of such enzymes under hyperglycaemic conditions is partially responsible for the intracellular accumulation of sorbitol and consequent development of cataracts, cerebral oedema and diabetic neuropathy
A comparison of the kinetic constants of the two aldehyde reductases towards aldehyde metabolites of the biogenic amines has suggested that the low-K, reductase is primarily responsible for the reductive catabolism of noradrenaline (Turner el al., 1974; Duncan & Sourkes, 1974) . Direct confirmation of this hypothesis has been obtained by demonstrating the failure of sodium valproate to inhibit this metabolic process in uitro. We have also re-examined the subcellular distribution of aldehyde reductase activity in brain and have shown that glucuronate reduction is exclusively cytosolic. Sodium valproate completely inhibits this cytosolic activity. The reduction of other aldehyde substrates in the presence of valproate, however, is primarily mitochondrial, suggesting a distinct subcellular location for the valproate-insensitive low-K, reductase. Its occurrence in mitochondria would be compatible with its function in the metabolism of amine-derived aldehydes, since monoamine oxidase is also mitochondrial.
Discussion
Other reductive processes involving physiological aldehydes include the conversion of succinic semialdehyde to y-hydroxybutyrate, the reduction of long-chain aliphatic aldehydes in the biosynthesis of ether-linked glycerolipids and the metabolism of Monomeric certain steroids (Rumigny et al., 1980; Natarajan & Sastry, 1976; Pietruszko & Chen, 1976) . The reduction of succinic semialdehyde may involve a distinct and specific succinic semialdehyde reductase. Such an enzyme has been purified from rat brain and was shown to be a dimeric enzyme with a molecular weight of approx. 74000 (Rumigny et al.. 1980) . In brain tissue, the biosynthesis of glycerolipids is microsomal in location (Natarajan & Sastry, 1976) of about 39000 and contains one binding site for reactants (Ogawa & Fujioka, 1978; Ogawa el al., 1979) . The kinetic mechanism of the enzyme requires that all substrates must be present before the reaction can take place (Fujioka & Nakatani, 1970) . and more recently it has been shown that the enzyme catalyses a direct A-stereospecific transfer of hydrogen from the C-2 position of the glutaryl moiety of saccharopine to NAD+ (Fujioka & Takata, 1979) . These findings suggest that the oxidation-reduction by nicotinamide-nucleotide coenzymes takes place on a Schiff base between lysine and a-oxoglutarate formed at the active site. We present here a tentative chemical mechanism of the dehydrogenase based on the data obtained from chemical-modification and kinetic studies.
Reaction of saccharopine deh.vdrogenase with diethylp.vrocarbonate
Incubation of saccharopine dehydrogenase with diethyl pyrocarbonate resulted in a complete loss of enzyme activity following a pseudo-first-order reaction kinetics. The apparent first-order rate constants for inactivation and the inhibitor concentration showed a linear relationship, and a second-order rate constant of 0.076 mM-'. min-' was obtained at pH 6.9 and 0°C. The pH-dependence of inactivation showed that a group with a pK of 6.9 was involved. Although diethyl pyrocarbonate VOl. 9 is highly reactive toward histidine residues, inactivation due to modification of other residues, such as tyrosine, lysine, cysteine and serine, has been reported (Miles, 1977) . The difference spectrum of the modified and native enzymes showed the formation of a peak absorbing maximally at 242nm, characteristic of a N-carbethoxyhistidine residue in the protein. No change in the spectrum was detected above 270nm, ruling out the modification of tyrosine residue. 0-Carbethoxylation of tyrosine residue shows a negative difference spectrum at 278 nm. Likewise, the thiol content of the enzyme was unchanged after treatment with diethyl pyrocarbonate. Titration of the modified enzyme with 5,5'-dithiobis(2-nitrobenzoate) gave a normal value of three thiol groups per molecule. The diethyl pyrocarbonateinactivated enzyme could be re-activated by hydroxylamine. Since hydroxylamine does not remove the carbethoxy group from the modified lysine residue, this finding argues against the modification of a lysine residue. Thus the inactivation of saccharopine dehydrogenase by diethyl pyrocarbonate may be concluded to result solely from the modification of histidine residues.
The inactivation of enzyme by diethyl pyrocarbonate was completely prevented in the presence of saturating concentrations of NADH and a-oxoglutarate. Either NADH or a-oxoglutarate alone was without effect. Saccharopine dehydrogenase binds reactants in a compulsory order. The oxidized and reduced coenzymes are the first to bind, and in the direction of reductive condensation of lysine and a-ketoglutarate, the middle substrate adding is a-oxoglutarate (Fujioka & Nakatani, 1970) . Therefore the protecting effect by NADH plus a-oxoglutarate suggests that the histidine residue in the vicinity of the substrate-binding site is responsible for inactivation.
Calculation from the absorbance at 242nm showed that, in the absence of added ligands, the modification of three out of ten
